Fractures are important conduits for fluid flow in the Earth's crust. To better understand the spatial and temporal relations among fracturing, fracture sealing, and fluid flow, we have studied fractures, faults, and veins in a large dome (Jabal Akhdar) in the Oman mountains. Our work combines the results of meso-and microstructural analyses and stable isotope analyses. Seven generations of fractures and veins have been identified in the carbonate-dominated dome. The earliest generations of veins developed during extension and subsidence of the Mesozoic basin. These veins formed in the inclined segments of bedding-parallel stylolites and in extensional fractures that are perpendicular to bedding (#1 and #2, respectively). These extension-related veins are truncated by bedding-parallel veins (#4) that formed during top-to-north bedding-parallel shear of both the northern and southern limbs of the dome. These veins are consistent with a change in stress regime and may be related to an earlier generation of strongly deformed pinch-and-swell veins (#3) that are exposed locally on the southern limb of the dome. Normal faults contain a set of en-echelon tension gashes (#5) and veins emplaced in dilational jogs along the fault planes (#6). In the northern part of the dome, veins (#7) associated with thrusts post-date the normal faults. Samples of veins and their host rocks were analyzed to provide information on fluid-rock interaction in the dome and the scale(s) of fluid movement. Oxygen isotope values range from +16.2 to +29.3&; carbon isotope values range from 0 to +3.6&. The results of the structural and isotopic analyses are consistent with the early veins (#2-#5) having precipitated from overpressured fluid in a isotopically rock-buffered system. During normal faulting (#5 and #6), a more open system allowed external fluid to infiltrate the dome at drained conditions and precipitate the youngest sets of veins (#6 and #7).
INTRODUCTION
Fluid overpressures are a well-known phenomena in many sedimentary basins (e.g. Ortoleva 1994; Bjørlykke 1997; Law et al. 1998) . They cause a reduction of effective stress and enhance the potential of rock failure (Hubbert & Rubey 1959) . Fluid overpressures may cause hydraulic fracturing, which increases the bulk permeability of rock and may result in connected fracture networks (Cox et al. 2001) . This increases significantly flow rates (Taylor 1999) , and allows the influx of external fluids.
Many veins have been shown to grow from supersaturated solutions in hydraulic extension fractures, and thus represent paleo-fluid conduits that formed in an overpressured environment. Thus, vein formation can involve both fracturing and sealing at elevated fluid pressures (Ramsay 1980) . Sealing may be caused by (i) a pressure drop and associated secondary effects such as CO 2 partial pressure reduction or boiling, and (ii) an increase of pore sizes such as during the formation of a fracture, which enhances the nucleation potential and reduces the equilibrium concentration of the fluid (e.g. Putnis et al. 1995; Barnes & Rose 1998; Putnis & Mauthe 2001) . Fracture sealing from externally derived fluids may also be driven by (iii) a temperature gradient between fluid and wall rock, or (iv) a different wall rock composition exposing the fluid to different Eh-pH conditions (e.g. Skinner 1997; Robb 2005, pp. 154-159) .
The deformation and fluid-related histories of the limestones can be deciphered from the numerous crosscutting faults, fractures, and veins in the carbonates. To document the deformation and fluid-related histories, we combine the observations and analyses of our field study with microstructural observations of the veins, and stable isotope analyses of host rocks and veins to derive the deformation and fluid histories of the carbonates during deformation.
GEOLOGICAL SETTING
The Oman mountains of the Alpine-Himalayan chain formed during northeast-directed subduction of Arabia below the Eurasian plate ( Fig. 1 ). Intra-oceanic subduction started in the Cenomanian and continued into the Middle Turonian to early Campanian with the obduction of the Samail ophiolite (Boudier et al. 1985; Beurrier et al. 1989; Hacker 1994; Hacker et al. 1996; Breton et al. 2004 and references therein). Several tectonic windows below the ophiolite are present in the region including the Jabal Akhdar, which is the focus of this study.
Metamorphic facies associated with subduction range from upper anchizone in the Jabal Akhdar to blueschist and eclogite facies in the Saih Hatat tectonic window (le Métour 1988; Breton et al. 2004; Searle et al. 2004) . Peak HP-LT metamorphism in the Saih Hatat is dated at about 80 Ma, concurrent with subduction (Warren et al. 2003) , while other data are consistent with peak metamorphism at 110 Ma and post-100 Ma exhumation (Gray et al. 2004a,b) (Fig. 1) . Locally, in the Saih Hatat area, the metamorphic gradient is more complex because of intercalation of different rock packages by numerous shear zones and to structural thickening (Gregory et al. 1998; Miller et al. 2002) .
The Jabal Akhdar dome, which is located in the central part of the Oman mountains, is a large 2500 km 2 boxshaped dome with an amplitude of 3 km and a wavelength of 70 km (Searle 1985) (Fig. 2) . Exposed in the core of the Jabal Akhdar dome are pre-Permian rocks that are unconformably overlain by Middle Permian to Cenomanian carbonates (Glennie et al. 1974) . This 2.5-km-thick sequence of carbonates was deposited on the subsiding southern passive margin of the Tethyan ocean (Hanna 1990; Mann et al. 1990; Pratt & Smewing 1993; Masse et al. 1997 Masse et al. , 1998 Hillgärtner et al. 2003) . The carbonates are very well exposed laterally and vertically, with excellent 1-km-high exposures in numerous wadis that transect the dome.
To date, we have focused our study on the Cretaceous limestones and clayey limestones that are exposed in the Wadi Mistal and Wadi Bani Awf of the north limb and Wadi Nakhar of the southern limb (Fig. 2) Glennie et al. 1973; Hanna 1990; Miller et al. 2002) . (inset) Arrows indicate orientations of recent stress field in regional map. The Zagros mountains and Makran subduction zones are the suture zone between Eurasian and Arabian plates (modified after Konert et al. 2001; Breton et al. 2004 ; stress orientations from http://www.world-stressmap.org).
carbonates, which transition into deep-water facies northeast of the dome (Masse et al. 1997; Hillgärtner et al. 2003) , have been described in detail by Breton et al. (2004) .
The uppermost autochthonous carbonate unit is composed of Turonian to Santonian megabreccias and olistoliths of the Muti formation. These sediments were derived from an outer carbonate platform to the northeast and document the transition from a passive continental margin to a foredeep basin (Robertson 1987; Breton et al. 2004) . The pelagic matrix of the megabreccias is Middle to Late Turonian in the northern part of Jabal Akhdar and Coniacian-Santonian in the southwest part of Jabal Akhdar (le Métour 1988; Rabu 1987; Breton et al. 2004) , consistent with migration of the depocenter toward the south during subduction (Robertson 1987; Breton et al. 2004) .
The Muti formation is unconformably overlain by allochthonous Permian-Cretaceous volcano-sedimentary rocks of the Hawasina nappes and the Samail ophiolite. The Samail ophiolite comprises two magmatic sequences. The first one is dated Albian to early Cenomanian (Beurrier 1988 ) and formed along a 500-km-long paleo-ridge . The second sequence is dated at 97-94 Ma (Tilton et al. 1981; Beurrier 1988) and is related to the intra-oceanic subduction. Obduction of the Samail ophiolite onto the continental margin north of Jabal Akhdar started in the Middle Turonian. The Hawasina and Samail tectonic pile was then thrust southward over the Jabal Akhdar area in Late Santonian (Bechennec et al. 1988; Breton et al. 2004) . Almost 450 km of displacement of the Semail ophiolite obduction occurred between 95 and 80 Ma (Warburton et al. 1990; Breton et al. 2004) . Shear indicators at the base of the ophiolite are consistent with top-to-south shearing over the Jabal Akhdar dome .
The thrust stack is unconformably overlain by autochthonous Maastrichtian and early Tertiary limestones, which were deposited after nappe emplacement (Glennie et al. 1973; Hanna 1990) . The distribution and onlap of Tertiary sediments occurred during Eocene to Miocene uplift of Jabal Akhdar (Searle et al. 2004) , which resulted in the erosion of the overlying Hawasina and ophiolite nappes in the central part of Jabal Akhdar. The Jabal Akhdar dome formed during multi-phase deformation from late Cretaceous to Early Paleocene and Miocene-Pliocene (Glennie et al. 1974; Searle 1985; Glennie 1995; Poupeau et al. 1998; Gray et al. 2000) . During this time, the dome probably experienced maximum temperatures of approximately 200°C and maximum overburden pressures of 200-400 MPa that increased from SW to NE across the dome (le Metour et al. 1990; Breton et al. 2004) .
VEINS
We focused our study on the ubiquitous veins that outcrop in the dome in order to understand the dome's structural history and paleohydrology during formation and exhumation. We identified seven generations of calcite-rich veins in three wadis of the Jabal Akhdar dome. The veins and overprinting relations are similar in the three wadis, and are thus discussed together. We used the veins' relations to bedding surfaces, stylolites, boudins, and normal faults to determine their relative ages (Table 1) .
Stylolite veins (#1)
The first generation of calcite veins formed in steeply inclined segments of stylolite seams. The stylolite seams are parallel to bedding, enriched in clay, are up to 1 cm thick, have irregular shape indentations, and would be described as composite seams according to the nomenclature of Guzzetta 1984) . In Wadi Nakhar, these stylolites have accommodated up to 10 cm of shortening by dissolution (Fig. 3A) .
Bedding-normal veins (#2)
A set of vertical calcite veins crosscut the stylolites, are perpendicular to bedding (Fig. 3A) , and are truncated by normal faults. On the north limb of the dome, beddingnormal veins form in the necks of boudin layers (Fig. 3B) . These boudins are absent in Wadi Nakhar, where the same vein generation is present in undeformed beds. This north-south decrease in deformation intensity is consistent with the decrease in metamorphic gradient and overburden toward the south. The veins strike north-south to northwest-southeast, parallel to the veins in the stylolite seams.
Pinch-and-swell veins (#3)
On the southern limb of Jabal Akhdar, veins are locally stretched to form pinch-and-swell structures in cleaved marls (Fig. 4A) . The spaced cleavage dips toward the west and contains small pressure shadows around pyrites. Grooves on the pinch-and-swell vein surface are consistent with top-to-east shear. Staining in the laboratory of the pinch-and-swell veins has revealed several stages of fracture-sealing events. Calcite breccia within a quartz vein indicates that the vein was first sealed with calcite, brecciated, and then resealed by a second generation of calcite (Fig. 4B,C) .
Crosscutting relations between pinch-and-swell veins and other veins have not been observed, thus relative timing between these vein sets is difficult to establish. However, the pinch-and-swell veins are truncated by and thus pre-date brittle normal faults. These veins may be associated with the bedding-parallel veins (#4).
Bedding-parallel veins (#4)
Two types of bedding-parallel veins have been observed. Thin (<5 cm thick) layered bedding-parallel veins (#4.1) extend for several tens of meters, truncate subvertical veins of set #2 (Fig. 3C) , and are offset locally by en echelon vein arrays and associated normal faults (#5 and #6) (Fig. 3D,E) . The veins contain host rock inclusion bands that are arranged sub-parallel to the vein wall. Locally, the vein is folded with an axial plane dipping toward the south, consistent with top-to-north shearing. The second type of bedding-parallel vein formed in dilational jogs (#4.2) that opened several centimeters wide during bedding-parallel shear (Fig. 4D) . On both limbs, this second type of bedding-parallel vein formed during top-to-NNE shearing. A relative chronology between these bedding-parallel veins has not been established by crosscutting relationships.
Normal faults and associated veins (#5 and #6)
Normal faults with throws up to several hundreds of meters are associated with drag folds, slickensides, grooves, and two vein sets on both sides of the dome (Fig. 3D,E) . The dips of conjugate normal faults change across the Jabal Akhdar and are consistent with faulting having occurred prior to dome formation. The first set of veins (#5) is com- posed of en-echelon arrays of veins that are oriented perpendicular to bedding and strike parallel to the normal faults. The en-echelon veins are offset by normal faults and bedding planes that slipped during drag folding ( Fig. 4E,F) . The second vein set (#6) occurs in dilational jogs along the normal faults.
In contrast to the earlier vein sets #1-#5, vein set #6 often does not seal the fault completely and shows euhedral crystals grown in open cavities. The surfaces of these veins are striated sub-vertically and sub-horizontally. Crosscutting relations are consistent with sub-horizontal movement having occurred after sub-vertical movement. 
Veins in late thrust faults (#7)
Small thrusts, associated folds, and reverse faults are present in the northern limb of the dome at Wadi Mistal (Fig. 3F ). They dip WSW with slip toward the northeast.
The thrusts, which offset the normal faults, contain blocky calcite veins on the primary thrust surfaces. These late thrusts may have formed during one phase of doming of Jabal Akhdar in the Tertiary (Glennie et al. 1974; Gray et al. 2000) . Fracture sealing and overpressures in limestone 173
METHODOLOGY OF ISOTOPE ANALYSES
Stable isotope analyses of host rocks and veins were made to determine the history of fluid-rock interaction and fluid flow during the deformation history. Samples were collected from approximately 50 outcrops primarily in the three wadis of the Jabal Akhdar dome. The samples were slabbed with a water-lubricated saw and micro-drilled. The resulting powders were then analyzed on an automated carbonate-reaction device that is connected to a continuous-flow, gas-source, isotopic ratio mass spectrometer at Saint Louis University. Approximately 0.5 mg of each powder was reacted with H 3 PO 4 at 90°C for several hours prior to analysis. Approximately one in-house standard was analyzed for every five unknowns. The in-house standard's d (Fig. 7) , though much less than the range in values among vein generations #1-#7 (Fig. 8) . The transition from a more closed to open fluid system can be seen in the increased variability of the d 18 O data that occurs from vein sets #5 and #6 (Fig. 8) . Some insights into the potential sources of fluids involved in vein formation can be gained by looking at the isotopic values of modern precipitation, groundwater, and carbonate cements formed in surface alluvium, travertine, and aeolianite deposits from northern Oman. Modern precipitation in the Oman region of the Arabian Peninsula has mean annual d
18
O values of approximately )4 to 0& SMOW (Rozanski et al. 1993; Clark & Fritz 1997, p. 51) , (Clark & Fritz 1997, p. 51) . Groundwater in some unconfined alluvial and carbonate aquifers of northern Oman have d
18 O values similar to local precipitation and range from )5 to +3&. The higher (more enriched) values are due partly to surface and subsurface evaporative loss (Clark & Fritz 1997, pp. 88-89) . Soil gas CO 2 from eight localities in northern Oman have d
13
C values between )22 and +8, but the majority are between )18 and )14& (Clark 1987) . Sixteen carbonate-cemented alluvium, travertine, and aeolianite samples from northern Oman that were analyzed by Clark (1987) 
have d
18 O values between 24 and 33&, and d
13
C values between )12 and +1&. These carbonate values are in approximate equilibrium with local precipitation, shallow groundwater, and soil gas CO 2 at surface temperatures.
The isotopic values of veins #1-#5 in Jabal Akhdar are consistent with vein formation in (i) fluids isotopically buffered by the carbonate-dominated stratigraphy or (ii) relatively pristine (unaltered) meteoric water with low dissolved CO 2 concentrations at low temperatures (less than approximately 50°C). Such low temperatures during formation of these veins are not consistent with the inferred Fracture sealing and overpressures in limestone 175 burial history of Jabal Akhdar. We propose that the fluids responsible for formation of vein sets #1-#5 were either highly evolved meteoric water or formation-like fluids that were isotopically buffered by the carbonate host rocks and trapped in the limestones during formation of generation #2 and later veins (see discussion below). Some veins of #6 and #7 generations with d
18
O values below approximately 22& potentially precipitated from more pristine meteoric waters at temperatures above ca. 80°C or from fluids that had isotopically exchanged with silicates. Although no source(s) of fluids can be uniquely identified, the structural evolution of Jabal Akhdar during formation of vein sets #6 and #7 are consistent with uplift and exhumation, which would have brought the dome in closer proximity to shallow groundwater aquifers. This would be consistent with a change in fluid pressure from near lithostatic to hydrostatic conditions between formation of vein sets #5 and #7 (see discussion below).
The relatively high d 13 C values obtained in the veins of this study are not consistent with significant amounts of hydrocarbons having been involved in vein formation. This does not preclude, however, the potential contribution that minor hydrocarbon production might have had locally on the formation of high fluid pressures.
DISCUSSION
A complex deformation history was responsible for the formation of these seven vein generations. The first phase of deformation caused vertical shortening and formation of bedding-parallel stylolites with bedding-normal veins (#1). This probably occurred during basin subsidence when the maximum principal stress r 1 was vertical and equal to the overburden stress (r 1 ¼qgz, where q is the density, g the gravitational acceleration, z the thickness of the overburden). Assuming the stylolites started forming at a depth of 1. C data of early-formed veins (sets #1-#5) and adjacent host rocks pairs are similar, consistent with a host-rock-buffered system. The samples' error bar of ±0.2& parallel to the y-axes represent the largest intra-vein variation documented in this study (cf. Fig. 7) . The standard deviations of our analytical measurements are 0.15& for d Formation of extensional veins #2 is consistent with r 1 having been vertical, similar to its orientation during formation of veins #1 and basin subsidence. The limestones hosting veins #2 must have been cohesive as the fractures were planar and transgranular. Formation of tensile fractures must have required a higher internal fluid pressure p f > r N + T, at a low differential stress r 1 )r 3 £ 4T and r 3 ¼ r N ¼ )T (r N is the stress acting normal to the fracture surface; T the tensile strength of the rock). Assuming K 0 to be 0.4 and a tensile strength of 10 MPa for limestone (Thuro et al. 2001) , the formation of the tensile fractures would have required a differential stress of <40 MPa, which would correspond to an overburden of about 4.5 km depth and a fluid overpressure of 36 MPa (Fig. 9B) . The fluid pressure and the differential stress change can be calculated if we assume a consolidated rock, which may be approximated as an elastic material. The horizontal stress is derived as
Assuming poroelastic deformation, the effective horizontal stress decreases more slowly than the pore pressure increases, causing a decrease in differential stress with increasing overpressure (Engelder 1994; Engelder & Fischer 1994; Mandl 2000, pp. 165-188) (Fig. 9C) . This can change the overall failure mode and promote tensile over shear failure during burial of sedimentary basins at greater depth (Hillis 2001) . In isotropically and laterally confined layers, the horizontal stress is increased by Segall 1989; Teufel et al. 1991; Engelder 1994; Engelder & Fischer 1994; Mandl 2000, pp. 165-188) . The term m is the Poisson ratio (0.25 dimensionless), and a is the Biot coefficient of effective stress (a ¼ 0.5 for strong rock, Mandl 2000, p. 171) . This would be consistent with the formation of tensile fractures below 4.5 km.
We interpret the pinch-and-swell veins (#3) to have initially formed as tensile fractures that rotated and deformed during subsequent shearing. If true, the nucleation of these tensile fractures could only have occurred if the fluid was overpressured. Some of these quartz-calcite veins were filled and brecciated multiple times with different fluids. Angular vein clasts floating in vein matrix are consistent with these veins having formed as dilation breccias (Sibson 1985; Tarasewicz et al. 2005) . Vein set #3 is not truncated by cleavage surfaces, and thus potentially formed contemporaneously with the cleavage. Four general models have been formulated to explain the formation of bedding-parallel veins similar to vein set #4. According to one model (i) (e.g. Henderson et al. 1990; Cosgrove 1993; Jessell et al. 1994) , supra-hydrostatic fluid pressure and a reorientation of r 1 from beddingnormal to bedding parallel could have formed tensile veins #4.1 parallel to bedding. Alternatively, dilational extension-shear (or mixed-mode) fractures may have formed oblique to r 1 , if the differential stress was between 4 and 5.66 T (e.g. Sibson 1998 Sibson , 2000 Schultz 2000) . In either case, the fluid pressure would have been supra-hydrostatic. According to a second model (ii) (e.g. Cox 1987; Koehn & Passchier 2000) , veins can form by the coalescence of dilational jogs between adjacent shear surfaces. It has been shown in some studies that such veins contain inclusions An increase of fluid pressure may cause a decrease in differential stress, if the deformation mechanism is poroelastic. This may cause tensile failure in settings where the total stresses generally would cause shear failure. However, failure would require fluid overpressures in a porous rock being larger than expected at elastic conditions. A leakage of the seal would release the overpressure, increase differential stress, and ultimately cause shear failure. (D) Bedding-parallel veins formed with the maximum principal stress oriented at high angle to bedding. We consider two models: (i) The fluid pressure increased during re-orientation of the principal stress from #2 to #4, (ii) the fluid pressure remained constant during reorientation of the principal stress. These are exemplified for hybrid extension shear (mixed mode) failure. Model (i) describes the switch of the principal stresses and formation of bedding-parallel veins while fluid pressure increases. An increase in fluid pressure caused a reduction of the effective vertical stress 0 v until the differential stress became zero. (E) Model (ii) forces the differential stress to decrease until the horizontal stress equals the vertical stress at constant fluid pressure. Then the differential stress increased until shear failure fractured the rock (e.g. black Mohr circle). Fluid overpressures may have caused failure at lower differential stresses. Veins form in dilational jogs, which connect during progressive shear. (F) Veins associated with normal faults and thrusts formed at high differential stresses during shear failure. The graph sketches the stress conditions at 8 km depth for different stress conditions, and displays the amount of overpressure required to cause failure. Our data do not allow to determine the actual depth during shear failure.
trails that are parallel to the steps/ramps (Jessell et al. 1994; Koehn & Passchier 2000) . According to a third model (iii), which is a variation of model (ii), extensional fractures can form under compressive effective confining pressures by the alignment of conjugate en echelon extension arrays that form at differential stresses above 5.66 T (Teixell et al. 2000 , and references therein). And according to a fourth model (iv), which is a variation of model (i), veins may form normal to r 1 if the difference in tensile strengths parallel and normal to bedding or foliation is larger than the differential stress (i.e. r 3 + T h > r 1 + T v where T h and T v are the horizontal and vertical tensile strengths, respectively), and if pore fluid pressure is p f > r 1 + T v (Gratier 1987; Cosgrove 1995; example given in Jolly & Lonergan 2002) . The inferred roles of fluid pressures vary significantly among these models.
Veins #4.1 probably did not form according to model (iii) as the veins are tens of meters long, rarely cut across the surrounding host rock, and do not contain host rock 'bridges.' If we assume the bedding-parallel veins formed by supra-lithostatic fluid pressures with the maximum principal stress r 1 acting horizontally (mechanism i), then the differential stress must have decreased below ca. 40 MPa during formation of vein sets #2-#4. The transition from vein set #2 to #4 is characterized by a reorientation of the principal stress axes in models (i) to (iii). This could either occur during an increase of fluid overpressure (Fig. 9D) , resulting in randomly oriented tensile fractures at high fluid pressures and low differential stress (Cosgrove 1995) . Such fractures have not been observed to be associated with vein set #4.1. Or vein sets #2-#4 evolved at constant fluid pressure (Fig. 9E) . Host rock inclusion bands aligned sub-parallel to the vein wall and a folded bedding-parallel vein #4.1 indicate vein formation during shearing (mechanism ii) (see also Table 1 ). Furthermore, bedding-parallel veins (#4.2) and sheared pinch-and-swell veins (#3) are consistent with shear during vein growth, so that the maximum principal stress was oriented oblique to bedding. Both vein sets #3 and #4 are not truncated by cleavage planes, suggesting that they formed during compression oblique to bedding at elevated fluid pressures. Vein set #4 formed after reorientation of the principal stress axes at increased differential stress. Shear indicators and host rock inclusions within the vein indicate that they formed by the coalescence of dilational jogs during shear failure at elevated fluid overpressure (Fig. 9E) .
En echelon vein arrays (#5) developed during nucleation of brittle normal faults (e.g. Mazzoli & di Bucci 2003) . As vein sets #5 and #6 probably formed during one continuous process, we propose these veins formed according to model (iii) with r 1 oriented normal to bedding. The fluid pressure is interpreted to have dropped to almost hydrostatic, consistent with the influx of meteoric water during brittle normal faulting (Fig. 9F) .
Veins #7 formed in dilational jogs along the thrusts, which implies a rotation of the maximum principal stress relative to bedding from an extensional (#5, #6) to a compressional (#7) setting (Fig. 9F) .
Cause for overpressures
The supra-hydrostatic fluid pressures in the limestones during formation of vein sets #2-#5 might have been due to stress-related processes (disequilibrium compaction, tectonic stress), an increase in fluid volume (e.g. gas generation, thermal expansion of fluids), fluid movement (e.g. transfer of pore pressure from overpressured rocks), and stress-insensitive diagenetic processes (e.g. calcite cementation) (e.g. Plumley 1980; Swarbrick & Osborne 1998; Nordgard Bolas et al. 2004) . These processes might have been accelerated during emplacement of the Samail ophiolite and Hawasina nappe on the Jabal Akhdar during late Santonian and early Maastrichtian, which added a minimum of 8 km of material on top of the carbonates (Breton et al. 2004) . Based on our stable isotope data, the suprahydrostatic fluid pressures were probably not due to significant production of hydrocarbons, nor to long-range movement from higher-to lower-pressure fluid cells. Vein sets #1-#5 have formed due to stress-related processes and cementation processes.
Fluid pressure decreased during uplift and exhumation of the dome when normal faults (#6) cut through the dome and increased the bulk permeability of the limestones. Meteoric water invaded the dome's carbonates and precipitated veins #6 and #7.
Relation to regional geology
Several deformation phases have been documented in the Mesozoic platform of the Jabal Akhdar in the late Cretaceous during early extension and later subduction and obduction of the overlying Hawasina and Semail ophiolite nappes (e.g. le Metour et al. 1990; Masse et al. 1997) . The veins' orientations, which are consistent with at least two rotations of the maximum principal stress from being normal to bedding (#1, #2, #5, #6) to oblique to bedding (esp. #3, #4, #7), display part of this complex deformation history.
The stylolites and bedding-normal veins (#1 and #2) formed during basin subsidence. They may be related to early conjugate normal faults that trend WNW-ESE to NW-SE and do not continue into the upper Cretaceous Muti formation (Rabu 1987; Boote et al. 1990 ). Breton et al. (2004) related this extension with the pulling down of continental lithosphere during subduction of autochthonous Infracambrian basement and Mesozoic cover during Turonian-Santonian time.
The next phase of regional deformation displayed by bedding-parallel veins (#4) is northward directed bedding-parallel shear on both the northern and southern flank of Jabal Akdhar. Crosscutting relations with the pinch-andswell veins (#3) have not been observed, but this vein set #3 can be associated with cleavage formation during progressive shearing. Breton et al. (2004) described some normal faults that formed prior to regional bedding-parallel slip in Wadi Mistal. They correlated this slip to the formation of a regional cleavage across Jabal Akdhar (see also le Métour 1988; Rabu 1987 associated with veins #5 and #6 formed after regional cleavage formation because they are not off-set by beddingparallel slip in Wadi Nakhar, (ii) the offset of normal faults by bedding-parallel slip in Wadi Mistal is not related to the regional top-to-the NNE shear, but to a later slip system (e.g. flexural slip folding of the dome), (iii) different generations of normal faults formed prior and after regional cleavage formation, or (iv) bedding-parallel veins in Wadi Nakhar are not related to bedding-parallel slip. The latter two arguments are unlikely because all vein systems (apart from #3) are present on both the northern and southern flank of Jabal Akdhar and shear criteria consistent with bedding-parallel slip are exposed in all wadis.
Vein sets #3 and #4 formed when r 1 was oblique to bedding and may have been coeval with regional cleavage formation. This interpretation is consistent with the results of other studies that associated a regional top-to-NNE shear with cleavage formation in Jabal Akdhar during the Campanian and Early Maastrichtian (le Metour et al. 1990; Breton et al. 2004) . le Metour et al. (1990) noted that subhorizontal cleavage increased in intensity toward the northeast of Jabal Akdhar, which they related to subduction. A second obduction-related mylonitic cleavage then formed, which only affected the rocks within a few tens of meters of the thrust plane between autochthonous rocks and the Hawasina nappes (le Metour et al. 1990 ). le Metour et al. (1990) correlated the first cleavage with north-to northeast-directed bedding-parallel shearing. Breton et al. (2004) related top-to-NNE shear with the exhumation of the more buoyant subducted autochthonous Infracambrian basement and Mesozoic cover in a compressive regime which would be consistent with vein set #4. This could be associated with top-to-northeast shearing in the Saih Hatat region during exhumation (Gray et al. 2004b) .
All these deformation events (#3, #4) are related to the late Cretaceous to Paleocene (Eoalpine) compression of the northern Oman Mountains. The relative timing of veins that formed after the cleavage is unclear because the Tertiary cover is completely absent in the Jabal Akhdar dome. Apatite fission track data of Jabal Akdhar and Saih Hatat are consistent with Eoalpine orogenesis during the late Maastrichtian-Paleocene (Poupeau et al. 1998) . The data preclude late Tertiary extension associated with uplift and erosion (Mann et al. 1990 ), but are consistent with an isothermal period from Eocene to Miocene (Poupeau et al. 1998) . A second compression phase started in the early Miocene (Burdigalian) and culminated during the late Miocene-Pliocene, which initiated the uplift of the Oman mountains and deposition of a molasse (Barzaman formation) (Carbon 1996; Poupeau et al. 1998) . The PlioceneQuarternary is characterized by vertical uplift and normal faulting (Hanna 1986; Patton & O'Connor 1988; Mann et al. 1990; Carbon 1996; Poupeau et al. 1998) .
Subhorizontal grooves on veins (#6) are consistent with reactivation of normal faults as strike-slip faults, but no clear sequence of deformation events relative to vein set #7 can be identified in our data set. The thrust-related veins (#7) probably formed during Miocene-Pliocene doming of Jabal Akhdar, eventually coeval with the reactivation of normal faults.
The different vein sets show several changes in the stress regime and may be associated with different regional deformation phases. According to the regional geology outlined above, the earliest vein sets #1 and #2 formed during subsidence, while vein sets #3 and #4 may be related to subduction/exhumation. This is followed by normal faulting associated with vein sets #5 and #6, which were reactivated to accommodate strike-slip motion. Vein #7 formed during a late contractional phase of deformation (Fig. 10) .
CONCLUSION
The Jabal Akhdar dome contains multiple calcite vein sets. Stylolite veins (#1) and subvertical veins (#2) formed during subsidence, the latter having formed at supra-hydrostatic fluid pressures. Locally, pinch-and-swell veins (#3) record a complex deformation history that involved both calcite and quartz cementation that formed during shearing. Fluids were overpressured, as indicated by the brecciation of quartz and calcite vein fragments. Vein set #4 also formed during shearing with r 1 oriented oblique to bedding at moderate fluid pressures, resulting in the formation of bedding-parallel veins (#4.1, #4.2). The relative timing of formation of veins #3 and #4 is unknown. The stable isotope data of calcite are consistent with the early veins having formed in a rock-buffered environment, and that fracture-controlled fluid flow over long distances and across different lithologic units was probably not important.
The following extension phase is displayed as en echelon vein arrays (#5) and normal faults (#6). During normal faulting, fluid pressure decreased and meteoric fluids infiltrated the dome. The maximum principal stress r 1 rotated from being normal to sub-parallel to bedding, resulting in the formation of thrusts and associated veins (#7) during doming of Jabal Akhdar.
Further work will include a more systematic study of the different vein generations and the heterogeneity of veins associated with faults along-strike, and will better constrain the pressure-temperature conditions during vein formation.
